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Due to mechanical loading, cartilage experiences distortional change, volumetric
change, and fluid flow.

Research has shown cells to be responsive to unconfined

compression, a load that produces all three conditions.

To isolate the factor(s)

responsible for chondrogenesis, the first goal of this research was to design and
implement a device for the application of shear deformation to cells. Secondly, using this
device, Stage 23/24 chick limb bud cells were suspended in 2% alginate and subjected to
20% shear deformation at 1 Hz. for two hours daily for three days.

Gene expression,

DNA content, sGAG content, and cartilage nodule formation were determined after eight
days in culture and compared to results obtained for non-loaded cells. Results indicated
that shear deformation at the applied level did not have a significant effect on
chondrogenesis in Stage 23/24 chick limb bud cells, suggesting that this cell type is not
extremely sensitive to distortional change.
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CHAPTER I
INTRODUCTION AND REVIEW OF LITERATURE
Articular cartilage is the knee’s shock absorber. It is a durable, specialized tissue
that protects the knee from a lifetime of walking, running, and bending. Composed of
embedded chondrocytes and extracellular matrix, articular cartilage functions as a lowfriction, wear-resistant, load-bearing material. Although it is just a few millimeters thick,
cartilage is nevertheless quite complex and consists of four zones: superficial,
transitional, deep, and calcified. Each zone has its own distinct composition and structure
(Figure 1.1). Cells, as well as the other components of the tissue, in these different areas
have unique sizes, shapes, and metabolic activities.

Flattened cells in superficial
zone
Vertical rows of cells in
transitional zone
Calcified matrix in deep zone
Bone in calcified zone

Figure 1.1 Schematic diagram of the cellular organization in the zones of articular
cartilage. [www.bartleby.com/ 107/68.html]
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The ground substance of the extracellular matrix of articular cartilage is a gel
consisting of an intricate arrangement of macromolecules of collagens, proteoglycans,
and non-collagenous proteins in a fluid phase of water and electrolytes. The presence of
the major components of the extracellular matrix, when in the correct proportion and
organization, is key in the normal functioning of cartilage. It is the unique collagen fibril
and proteoglycan network produced and maintained by the articular chondrocytes
resident within the tissue that allow for the specialized mechanical properties of articular
cartilage [Haudenschild, 2001].
Collagen is the dominant component that contributes to the shear strength of
cartilage, as well as its tensile strength. Although collagen types II, VI, IX, X, and XI are
found in articular cartilage, type II collagen is the characteristic major collagen
component of normal cartilage and accounts for approximately 90-95% of the collagen
found in the knee joint [Newman, 1998]. Type II collagen has a high amount of bound
carbohydrate groups that allows more interaction with water than some other types of
collagen. The production of type II collagen by mesenchymal cells in culture is generally
taken as evidence of the “chondrocytic” phenotype. Contrarily, production of type I
collagen by so-called “chondrocytic” cells is an indication of the loss of phenotypic
stability and is an indicator of “de-differentiation” of the cells in vitro [Kuettner, 1982].
Furthermore, upon in vitro differentiation of chick chondrocytes, Castagnola, et al.
[1988] found a rapid decrease in type I collagen mRNA and a sharp increase in that of
type II collagen during chondrocyte differentiation.
Proteoglycans, which help distribute load at the bony ends of the joint, are the
main source of resistance to solute transport and fluid flow in the cartilage matrix and
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contribute significantly to cartilage mechanical stiffness. These proteoglycans strongly
influence the mechanical function of cartilage and play central roles in the transduction of
microphysical “signals” to chondrocytes during tissue compression [Quinn, 2002].
Proteoglycans are composed of approximately 95% polysaccharide and 5% protein.
They are monomers or aggregates joined to hyaluronic acid filaments by means of
specialized link proteins. The monomer consists of a central protein core that is bound
covalently to multiple sulfated glycosaminoglycan (GAG) chains and two types of
oligosaccharides (Figure 1.2). The GAG chains are unbranched polysaccharides made
from disaccharides of an amino sugar and another sugar. At least one component of the
disaccharide has a negatively charged sulfate or carboxylate group.

Therefore, the

glycosaminoglycans tend to repel each other and other anions while attracting cations and
facilitating interaction with water in the tissue.

Chondroitin sulfate is a

glycosaminoglycan that is naturally found in the extracellular matrix of articular
cartilage. It is composed of a long unbranched polysaccharide chain with a repeating
disaccharide structure of N-acetylgalactosamino and glucuronic acid. Chondroitin sulfate
proteoglycan, also known as aggrecan, is one of the large aggregates that is a major
extracellular matrix component in cartilage. Hyaluronic acid, keratin sulfate, dermatin
sulfate, and heparin sulfate are additional GAGs generally found in articular cartilage.
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Proteoglycan Aggregate Molecule
Hyaluronate binding region
Keratin sulfate rich region
Chondroitin sulfate rich region

Hyaluronate
Link Proteins

Figure 1.2 Proteoglycan Aggregate. [www.worldortho.com/database/ etext/joints.html]
Embedded within the extracellular matrix are chondrocytes (Figure 1.3). These
cells originate from mesenchymal stem cells found in the bone marrow in mature
individuals.

Except for in the surface zone where they are flat, chondrocytes are

spherical in shape and are essential components of articular cartilage. The only cell type
found in this tissue, chondrocytes are the cells that replace degraded matrix molecules to
maintain the correct size and mechanical properties of the tissue. Temenoff [2000]
suggested that some chondrocytes have cilia that extend from the cell into the
extracellular matrix and that these cells play a role in sensing the mechanical
environment of the cell. In response to changes in this mechanical environment (amount
of load applied, etc.), chondrocytes are known to modify their extracellular matrix
properties [Gray, 1988].

Hence, chondrocytes are responsible for the synthesis,

remodeling, and turnover of extracellular matrix.
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Figure 1.3 Chondrocytes embedded in extracellular matrix.
[www.sunyniagara.cc.ny.us/val/ hyalinecartilage.html]
Together, the extracellular matrix and chondrocytes maintain the proper amount
of water within the matrix, which also helps confer its mechanical properties. Water
makes up approximately 60-80% of the wet weight of cartilage and is responsible for the
interstitial fluid pressure in the tissue.

This pressure has been recognized as the

mechanism that is key in an increase of cartilage stiffness under dynamic loading and in
imparting low friction and wear to the tissue.

Analyses have suggested that the

pressurized interstitial fluid supports nearly 90-95% of loading when a dynamic force is
applied [Park, 2003].

In addition to its contribution to the material properties of the

tissue, water also plays a major role in joint lubrication and to nutrition of the
chondrocytes through diffusion [Newman, 1998]. About 30% of the total water in
cartilage exists within the intrafibrillar space of collagen. The amount of water in the
collagen, as well as the collagen fibril diameter, is determined by the swelling pressure
due to the fixed charged density of the proteoglycans. As previously mentioned, because
the proteoglycans are bound closely, the closeness of the negative charges creates a
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repulsion force that must be neutralized by positive ions in the surrounding fluid. The
higher concentration of ions in the tissue compared to outside the tissue leads to swelling
pressures.
Articular Cartilage Injury
Articular cartilage of diarthrodial joints experiences a variety of stresses, strains,
and pressures that result from normal activities of daily living. The tissue can tolerate a
tremendous amount of and a wide range of loads and loading situations from continuous
to intermittent to sudden impact and physical stress. Because it is exposed to high levels
of stresses, there are many opportunities for articular cartilage injury. These injuries
result in numerous clinical symptoms including joint pain and decreased functional levels
[Chen, 1999]. Joint pain is a major cause of disability in middle-aged to older people and
is usually a result of degeneration of the joint's cartilage due to primary osteoarthritis or
from trauma causing loss of cartilage. The increase in the elderly population, along with
the frequency of intensive sports injuries, makes cartilage defects a prevalent problem in
today’s population. It is estimated that as many as 36 million Americans suffer from
some form of arthritis brought on by such defects [Temenoff, 2000]. Osteoarthritis alone
accounts for nearly $65 billion in lost wages and productivity [Arthritis Foundation,
Atlanta, GA, 2003] and is one of the most common diseases directly involving articular
cartilage [Nerucci, 2000].
The potential for intrinsic repair of articular cartilage after injury or disease is
very limited [van Susante, 1999]. There is essentially no turnover for repair and/or
regeneration of the injured tissue primarily because it is avascular, aneural, and
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alymphatic. Additionally, the lack of self-generation by articular cartilage is attributed to
the essentially immobile mature chondrocytes that make up the tissue.

These

chondrocytes do not proliferate or alter their synthetic patterns on their own in vivo.
Thus, there is no real way for an articular cartilage injury to fully heal for normal
functioning once an injury has been introduced. Instead, once such an injury is sustained,
a repair tissue that lacks normal structural, biomechanical, and biochemical properties is
produced [Chen, 1999].
Several treatment options exist for potential relief and/or repair of cartilage
defects. These options include including autografts, allografts, arthroscopic surgery,
microfracture, and drilling. For example, Genzyme Biosurgery markets an autologous
culture chondrocyte option called Carticel®. In this procedure, a small portion of a
patient’s healthy cartilage is removed during an arthroscopic procedure and taken to a
laboratory setting where millions of new healthy cells are grown by proprietary methods.
These new cells are then transplanted back into a cartilage defect to aid in the healing
process that allows healthy tissue to form. The procedure has a limited patient clientele,
however. It is used for repair of cartilage defects in individuals who have had an
inadequate response to prior arthroscopic procedures, but it is not indicated as a treatment
for people suffering from osteoarthritis. Additionally, it is not recommended for use in
patients with an allergy to certain antibiotics, in patients with sensitivities to materials of
bovine origin, in patients with unstable knees, or in patients with an abnormal weight
distribution within the joint. Patients who have had cancer in the bones, cartilage, fat, or
muscle of the treated limb are also restricted from this procedure [Carticel Patient
Brochure, 2002].
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Artificial knee replacement is one of the most common treatment options as
approximately 200,000 total knee replacement operations are performed annually
[Mushinski, 1996]. This option is currently the most effective, long-lasting relief from
pain associated with articular cartilage injury and/or defects. The artificial joint generally
lasts only 10 to 15 years, however, and is not recommended for people under the age of
50. Because of these and the strict limitations that exist for many of the available
treatment options, there is a growing need for articular cartilage tissue engineering. Thus,
a construct that will overcome limitations of the currently available synthetic material
treatment options by allowing the restoration of natural tissue function to the native
cartilage is desired.
It is the maintenance of the structural properties of the solid phase (the collagen
fibrils, proteoglycans, and glycoproteins) that determines the longevity of cartilage.
Consequently, any tissue that is intended to replace the cartilage of joint surfaces must
replicate this structure to a high precision if it is expected to function similarly to
cartilage. This stringent structural requirement, along with the inherent limitations of
articular cartilage to repair itself, are the reasons that it has been so difficult to cultivate
the correct environment for healing of lesions or defects [Newman, 1998].
In an attempt to reduce the occurrence of intensive surgery and the recovery
associated

with

cartilage

injury,

many

avenues

for

alternative

cartilage

replacement/regeneration are presently being explored. Tissue engineering is at the
forefront with implantations of in vitro cultured cells or native cartilage tissue being two
of the major areas of interest. Previous research has shown both possibilities to be
effective means of articular cartilage tissue engineering. Many researchers have explored
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the repair option of harvesting existing chondrocytes, growing them ex vivo, and then
implanting them into the injury site. Alternatively, Wakitani [1994] showed potential of
using mesenchymal stem cells in defect repair to be effective. He found that articular
chondrocytes, when implanted into a defect, did not provide sufficient cells and matrix to
repair even a small defect.

However, he concluded that stem cells could be used

successfully in this situation because of the broad range of chondrogenic expression they
are capable of expressing.

Newman [1998] also addressed the idea of using

undifferentiated (mesenchymal) stem cells in the regeneration of cartilage. He explains
that the use of this type of cell “allows greater adaptation to the microenvironment than
mature cells, resulting in a structure that more closely resembles the native tissue”.
Cell Differentiation
Differentiation is the process through which cells become specialized to perform a
certain function.

Undifferentiated cells, or mesenchymal stem cells, are pluripotent

progenitor cells which divide many times and whose progeny eventually gives rise to one
of several skeletal tissues: cartilage, bone, tendon, ligament, marrow, stroma, connective
tissue, etc. (Figure 1.4). By definition, mesenchymal stem cells are not governed by or
limited to a fixed number of mitotic divisions. However, once a cell is committed to a
specific pathway, it undergoes distinctive conformational changes during the process of
lineage progression. Eventually, the cells in each pathway undergo a final process in
which they no longer divide, but rather synthesize unique components (extracellular
matrix, membrane receptors, bioactive factors, etc.) in a sequence of synthesis and
assembly steps comparable to that originally observed in early development. A cell’s
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ending progeny is affected by a number of factors including the environment in which
they are placed. Furthermore, as cells differentiate, their phenotypic expression becomes
more specialized to their environment, and they become less adapt to other
circumstances.
Cartilage differentiation occurs at the end of long bones during skeletal
development. It also occurs in joint cartilage defects and bony fracture gaps as part of the
tissue healing process.

Early steps in cartilage induction involve proliferation of

mesenchymal cells followed by differentiation of chondrogenic cells.

During

embryogenesis, the mesenchymal stem cells start to differentiate into chondrocytes and
secrete a cartilaginous matrix. During this time, the cells continue to divide. They pass
through various lineage states and eventually the chondrocytes in the central zone,
located next to what will soon be bone, enter the final stage of development and become
hypertrophic chondrocytes. Proteins that are important in calcification of the matrix are
produced by these chondrocytes. Other chondrocytes on the periphery secrete collagen
and matrix molecules in the right proportions to produce hyaline cartilage.

Since

cartilage serves a mechanical function (absorbs shock, distributes load, and provides a
smooth gliding surface), it is believed that its differentiation is regulated, at least in part,
by the mechanical environment. In almost all cases, cells undergoing differentiation are
subjected to a complex loading combination of hydrostatic pressure and shear. These
forces can influence differentiation, upon which the composition and structural properties
of the newly-formed tissue depend.
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Mesenchymal Stem Cell (MSC)

Proliferation

Commitment
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Osteoblast Chondroblast Myoblast
Fusion

Stromal
Fibroblast

Tenoblast Preadipocyte Neuralblast

Differentiation and Maturation

Osteocyte Chondrocyte Myocyte Stromal Cells Tenocyte

Bone
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Cardiac
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Adipocyte
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Adipose
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Figure 1.4 Cell differentiation. [http://www.osiristx.com/technology/mesengenisis.asp]
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Gene Expression
Changes in genotypic expression are indicative of mesenchymal stem cell
differentiation. The cartilage phenotype is influenced and characterized by this genotypic
expression as chondrocytes treated with elevated pressure show alterations in mRNA
expression patterns [Tung, 2000]. The upregulation or downregulation of various genes
is indicative of the degree of differentiation that has transpired and the new cell type that
the mesenchymal stem cell has become. Many growth factors are involved in bone and
cartilage metabolism and in the fracture healing process.

mRNA expression of

transforming growth factor β-1 (TGF β-1) and bone morphogenetic protein-2 (BMP-2) is
typically indicative of chondrocyte differentiation [Izumi, 1992].
Transforming growth factor is a protein that is found in adult and developing bone
in vivo and has varied effects on chondrocytes and osteoblasts in culture. It can generally
exhibit both stimulatory and inhibitory effects. The nature of its action on a particular
target cell has been found to be critically dependent on many parameters, including cell
type, growth conditions, and other growth factors present. It has a role as a ubiquitous,
multifunctional regulator of cell proliferation and differentiation and has been shown to
regulate such processes as chondrogenesis, osteogenesis, and myogenesis. Its effects are
important in bone formation as well as during remodeling and during embryonic
development. The TGFβ superfamily consists of genetically related polypeptide growth
factors. Several studies suggest that many members of this superfamily are expressed by
chondrogenic cells and may be involved in the regulation of cartilage differentiation.
Such evidence exists in a study by Izumi [1992] in which he found that TGFβ is indeed
an enhancer of the expression of the chondrocyte phenotype. It also suggested that TGFβ
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is important in initiating and promoting cartilage formation in vivo based its potential to
stimulate type II collagen gene expression and synthesis.

Additionally, preliminary

studies have suggested that mechanical strain stimulates TGFβ production. Upregulation
of TGFβ mRNA expression has been reported in mechanically loaded vs. unloaded bones
[Ciombor, 2004].
Bone morphogenic proteins (BMPs) constitute a novel subfamily of the TGFβ
supergene family and also play a critical role in modulating mesenchymal differentiation.
BMPs are secreted signaling molecules whose ligands were initially thought to regulate
only bone formation. Subsequent analyses, however, have shown BMPs to regulate a
spectrum of developmental processes throughout embryogenesis and organogenesis
including the processes of cartilage and bone formation [Faure, 2002].
The large aggregating chondroitin sulfate proteoglycan (CSPG/aggrecan) has
been localized predominantly to skeletal tissue and is considered to be a hallmark of
cartilage differentiation. In chick cartilage, a cell type often used in cartilage research,
aggrecan expression begins at embryonic day 5 in limb rudiments, continues through the
entire period of chondrocyte development, and remains a biochemical marker of the
cartilage phenotype thereafter. In very early embryos, aggrecan is expressed in the
notochord as early as stage 16, long before chondrogenesis occurs [Pirok, 1997].
Articular Cartilage Tissue Engineering
To successfully engineer articular cartilage, many aspects must be considered.
These include, but are not limited to, cell shape and the mechanical environment to which
the cells are exposed.
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Cell Shape
As shown in Figure 1.4, the chondrocyte is round in shape. This phenotype is
best expressed when cells are cultured in a way to allow them to take on this round shape
as opposed to one in which the cells are allowed to attach to a surface and proceed to
spread out and take on a fibroblastic phenotype. Cells in monolayer lose their ability to
synthesize type II collagen and proteoglycans. Research shows that the rounded cell
shape is conducive to the synthesis of a sulphated matrix. Glowacki [1983] has shown
that cells cultured in the round shape not only express a sulphated matrix, but also
proliferate slowly, incorporate low levels of 3H thymidine into DNA and large amounts
of 35SO4 into glycosaminoglycans, and synthesize type II collagen.
The key factor in the conversion of mesenchymal stem cells to chondrocytes, a
round, unspread conformation, can be maintained with the use of a hydrogel. Hydrogels
are cross-linked hydrophilic polymers that represent an important class of biomaterials in
biotechnology and medicine.

This is true in part because of the excellent

biocompatibility that many of these hydrogels exhibit.

Hydrogels also have the

capability of swelling large quantities of water without the dissolution of the polymer due
to its hydrophilic cross-linked structure. This gives hydrogels many characteristics of
soft tissue including high permeability for oxygen, nutrients, and other water-soluble
metabolites [Nguyen, 2002]. The aim of hydrogel research is to optimize the network
composition and structure to facilitate regeneration of type-specific cartilage in a material
that will temporarily withstand the normal loads of natural cartilage. In addition to the
use of hydrogels in cartilage tissue engineering, various other biomaterials have been
studied as potential materials for cartilage repair. Polylactic acid [Chu, et al, 1995],
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polyglycolic acid [Rahman, 2001; Stading, 1999], and chitosan [Nettles, et al., 2002] are
a few of the more popular materials used for such purposes. Many of these have shown
to be quite successful in numerous relevant applications.
Many studies have explored the suitability of cells cultured in agarose. Agarose is
a clear, thermoreversible hydrogel that is made of polysaccharides. It has been used to
study the influence of mechanical loading on chondrocytes in a 3-D environment and has
shown to be a permissive matrix for chondrogenic expression [Thompson, 1985].
Because some of its physical properties bear a close resemblance to those of living
tissues, it has been determined to be a suitable biomaterial for cell culture.
The chondrocyte-agarose model has been fully characterized and shown to be
phenotypically and mechanically stable over a culture period of several weeks. Studies
also show that chondrocytes become spherical when seeded in agarose and that cells in
agarose deform in a symmetrical and uniform manner during mechanical compression.
Furthermore, the deformation of cells in agarose has been shown to be equal to or exceed
the deformation applied to agarose [Knight, 1996].

Mauck [2002] also found that

chondrocytes cultured in agarose hydrogels develop a functional extracellular matrix.
Through such research, it has been concluded that the chondrocyte-agarose system may
be regarded as a model cell culture environment within which cell associated matrix
assembly can be observed and studied during progression from essentially no matrix to a
biomechanically functional artificial tissue [Quinn, 2002].
The agarose culture system previously used by Elder, et al. [2000] provided
additional evidence that this system supports the chondrocyte phenotype and prevents
synthesized cartilaginous matrix molecules, such as proteoglycan and collagen, from
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escaping into the culture medium. This allowed the amount of and spatial organization of
newly synthesized matrix to be directly examined in routine histology. In addition, many
mechanical properties of agarose were determined with this system. These properties
include: equilibrium-confined compression modulus of ~20 kPa, hydraulic permeability
of 40 x 10 –15 m4/(N•s), and Poisson’s ratio of 0.15 [Freeman et al., 1994; Buschmann et
al., 1992].
Similar to agarose, sodium alginate is a particularly attractive biopolymer that has
a wide range of applications in the field of biotechnology.

Alginate is a linear,

unbranched polysaccharide extracted from brown marine seaweed that is composed of
1,4-linked beta-D-mannuronic acid (M-block) and alpha-L glucuronic acid (G-block). It
is biocompatible, hydrophilic, and biodegradable under normal physiological conditions.
Alginate gel formation is achieved through the exchange of sodium ions from G-blocks
with the divalent cations, such as calcium or barium. When linked to these cations,
alginate has been successfully used to encapsulate cells and to maintain their function in
tissue culture. Weber [2002] noted an attribute of alginate gels in the ability to mold it to
produce defined shapes. This provides the opportunity to fabricate patient-designed
cartilage transplants and makes alginate one of the most important polymers for scaffold
materials. Additionally, cells in alginate, unlike those in agarose, are easily recovered
from the gel for various analyses.
Mechanical Environment
Chondrocytes can sense and respond to mechanical and physiochemical stimuli
by multiple regulatory pathways including streaming potentials, hydrostatic pressure, and
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biochemical, pH, and osmotic changes. However, the specific mechanisms by which
chondrocytes detect and respond to these mechanical signals are not well understood.
It is believed that the repair process of cartilage is fundamentally affected by the
mechanical loading of the tissue. In turn, the mechanical environment of cells, including
factors that affect it and the resulting effects it has on other factors has been the subject of
much research. Furthermore, the mechanical environment of articular cartilage is an
important component to its existence and is mainly dependent upon the swollen
extracellular matrix. The mechanical forces on the chondrocytes directly affect the
metabolism of the cells and the extracellular matrix that is produced. During normal
activity, articular cartilage is constantly subjected to many different levels of static and
dynamic loading dependent upon body weight and muscular tension. Loading also varies
according to posture and physical activity.

The development and maintenance of

cartilage in vivo are regulated in part by mechanical loading, including compressive and
shear deformations, and simultaneous mechanical and physiochemical forces and flows.
Cartilage serves to stabilize the mechanical environment and provide a scaffold
for differentiation of new tissues. The biomechanical regulatory model assumes that
tissue differentiation is controlled by a combination of shear strain and fluid flow acting
within the tissue. Low levels of shear strain and fluid flow stimulate the formation of
cartilage. Fluid flow also increases the biomechanical stress and deformation on the cells
above that generated by the strain of the collagenous material located in the tissue.
As a result of the constant loading that cartilage experiences, deformation of the
chondrocytes occurs. Because of this, it is believed that one proposed pathway through
which chondrocytes may perceive changes in their mechanical environment is directly
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through cellular deformation [Guilak, 1995]. Cell deformation, however, is only one of a
variety of possible mechanisms of cell mechanotransduction. Additionally, volumetric
deformation and fluid flow have also been determined to have an effect on
mechanotransduction.

The three main types of loading that articular cartilage

experiences and that chondrocytes are believed to respond to, as well as their respective
results on the cells, are shown in Table 1.1.
Table 1.1 Types of loading and the respective effects on the cell.
Test
Condition

Cell/Matrix
Deformation

Strain
Component

Simple
Shear

Distortional
Only

Hydrostatic
Compression

Volumetric
Only

Unconfined
Compression

Distortional +
Volumetric
(+ Fluid Flow)

Unconfined compression causes a combination of both distortional and
volumetric changes (changes in cell shape and cell volume, respectively) in the cells and
the extracellular matrix.

Additionally, Nerucci [2000] and Moonsoo [2001] noted

changes in fluid flow after this type of loading. Fluid flow during dynamic compression
of cartilage explants can stimulate proteoglycan and protein synthesis. This fluid flow can
also have an effect on chondrocyte metabolism as it can lead to an increased availability
of nutrients and growth factors due to convective transport, streaming potential, and flowinduced shear stress. Compressive stresses on articular cartilage in the knee range from
0-3.0 MPa in unconfined compression [Gray, 1988].
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Hydrostatic compression causes hydrostatic pressure and produces cellular
volumetric changes only. It is generally accepted that, while at rest, the hydrostatic
pressure on articular cartilage is approximately 0.2 MPa with pressure peaks in the knee
during normal gait approximating 5.0 MPa. During physical activity, this pressure can
increase significantly to ~10.0 MPa – 20.0 MPa [Nerucci, 2000]. Studies have shown
that hydrostatic pressure is an important element of mechanical load in the regulation of
proteoglycan metabolism in chondrocytes [Toyoda, 2003]. For example, chondrocytes
undergoing physiological sinusoidal pressurization with a minimum pressure of 1.0 MPa
and maximum pressure of 5.0 MPa at 0.25 Hz present a greater metabolic activity as is
expressed by increased proteoglycan levels in the culture medium [Nerucci, 2000].
Relatively low levels of pressurization have been shown to lead to increases in cyclic
AMP and proteoglycan synthesis and decrease in DNA synthesis [Nerucci, 2000].
Additionally, chondrocytes treated with elevated pressure also show alterations in mRNA
expression patterns. Hasel noted that hydrostatic pressure at physiological levels plays a
major role in fluid and tissue homeostasis although alterations can influence progression
and gravity of diseases [Hasel, 2002].
Pure shear is a force in which axes do not rotate (coaxial deformation). The
original sides of the square remain straight and parallel after deformation (Figure 1.5).
Simple shear, on the other hand, is a force in which the axes rotate (non-coaxial
deformation). Here, the square is converted into a parallelogram whose sides lengthen
and rotate while the top and bottom surface neither lengthen or shorten (Figure 1.6).
Simple shear is a force that has been shown to generate substantial distortional strain, but
minimal hydrostatic pressure or fluid flow. Because tissue shear causes little volumetric
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deformation, it can thereby decouple fluid flow from cell and matrix deformation. Tissue
shear loading at 1.0-3.0% strain amplitude between frequencies of 0.01 and 1.0 Hz has
been shown to stimulate the synthesis of protein by ~50% and proteoglycans by ~25% in
bovine cartilage explants [Moonsoo, 2001]. Furthermore, Smith et. al. [1995, 2000]
noted a similar increase in human chondrocytes subjected to shear strain.

A

B

Figure 1.5 Pure shear deformation. A) Before pure shear, B) During pure shear.
[http://www.geology.sdsu.edu/visualstructure/vss/htm_hlp/pure_s.htm]

A

B

Figure 1.6 Simple shear deformation. A) Before simple shear, B) During simple shear.
[http://www.geology.sdsu.edu/visualstructure/vss/htm_hlp/simpl_s.htm]
In most research, a greater cell response is seen when chondrocytes are exposed to
levels of intermittent loading as opposed to static loading. The adverse response is seen
when continuous mechanical loading is applied. Magnitude, duration, and frequency of
loading also have an effect on the response to loading [Nerucci, 2000]. The effects of the
magnitude of mechanical stimulus, as well as the type of mechanical stimulation, are both
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addressed by Carter and Blenman in their tissue differentiation theory [Carter, 1988;
Blenman, 1989].

They found that vascular supply to tissues is the primary factor

determining tissue differentiation. Based upon the level of vascularity, the theory states
that both the magnitude and type of mechanical stress, basically hydrostatic pressure
versus octahedral shear stress, would affect the type of tissue within a fracture site. With
sufficient vascularity, minimal cyclic stresses promote bone formation directly, high
hydrostatic compressive stresses promote fibrocartilage formation (after which
subsequent shear stresses promote bone formation), and high tensile or shear stresses
promote fibrous tissue formation. Additionally, cartilage is produced as a result of low
compressive stresses (Figure 1.7). Contrarily, poor vascularity leads to the production of
fibrocartilage as a result of even low magnitude stresses.

Figure 1.7 Tissue differentiation theory adapted from Carter D, et al. [1988]
Furthermore, Germiller et al. [1997] also noted the effects of loading on cartilage
development when he studied effect of paralysis on joint and/or cartilage formation. In
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this study, Germiller used a chick embryo model of midgestation chemical paralysis and
secondary muscle atrophy to determine the effects of functioning muscle on long bone
growth by influencing the proliferation, differentiation, and hypertrophy of chondrocytes
in cartilage of the epiphysis and growth plate. It was shown that the recruitment and
proliferation of immature chondrocytes can indeed mediate the role of functioning fetal
muscle in proper skeletal growth maintenance, suggesting that even in embryos some
type of loading is required for the development of normal functioning cartilage.
Continuation of Previous Work
As a first step towards characterizing the mechanical stresses most conducive to
chondrocyte differentiation, Elder et al. [2000] demonstrated that dynamic unconfined
compression could stimulate chondrocyte differentiation as much as two-fold in a chicklimb bud cell-agarose model of chondrogenesis. However, since unconfined compression
generates significant fluid flow in addition to volumetric and distortional strain, the
specific chondrogenic component of the applied compression and mechanotransduction
mechanisms remain unknown.
Because it has already been demonstrated that dynamic, unconfined compression
stimulates chondrocyte differentiation, it is now left to determine which component of the
loading is the primary chondrogenic stimulus: distortional strain, hydrostatic pressure, or
fluid flow. A pure shear deformation alters the shape of a material without changing its
volume. Thus, it produces only distortional stress and causes cell deformation equivalent
to that produced by unconfined compression, but along a different axis. On the other
hand, hydrostatic compression generates only hydrostatic stress, which can reduce a
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cell’s volume but does not affect its shape. By applying carefully controlled, wellcharacterized mechanical loads to mesenchymal stem cells evenly dispersed in a
homogenous, inert matrix of specified geometry and comparing the responses to loading
in these three modes, it will be possible to estimate the individual contributions of
distortional strain, hydrostatic pressure, and fluid flow to the overall response. The
overall effect may be due to a single factor, to the sum of two or more factors, or to two
or more factors acting synergistically to exert greater influence than the total of their
individual contributions.
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Statement of Hypothesis
The global objective of this research is to determine the precise nature and
magnitude of mechanical signals that modulate mesencyhmal stem cell differentiation.
Because it is believed that the mechanical environment is influential in cartilage
differentiation, it was hypothesized that mechanical stimulation, specifically shear
deformation, would promote chondrogenesis in cells isolated from wing and leg limb
buds from Hamburger-Hamilton stage 23/24 White Leghorn chick embryos. To test this
hypothesis, chick limb bud cells were isolated and suspended in a hydrogel from which
uniform disks were cut. The disks were subjected to specific loading protocols and the
influence of this loading on chondrocyte differentiation was determined via histological
and biochemical analyses.
Objective
To determine the effects of shear deformation on chondrogenic differentiation
Specific Aims
1. Design, construct, and characterize a device for applying simple shear deformation to
cells in alginate.
2. Determine the effects of shear deformation on chondrocyte differentiation.

CHAPTER II
MATERIALS AND METHODS
Specific Aim 1
To apply simple shear deformation to cells, an incubator-housed device was
assembled. This device was used to test the pressure and fluid flow-independent effects
of cell deformation on chondrocyte differentiation.
The shearing device is a modification to the Mach-1TM Micromechanical System
(Biosyntech, Inc., Laval, Quebec, Canada) that is also currently used for compression of
cells in agarose and/or alginate gels. The Mach-1TM is a uniaxial machine with 0.5 µm
resolution and +50N and +1.5 N-m bi-directional repeatability and is specially designed
for in vitro testing in cell culture incubators. This system is composed of a load frame,
actuator, motion controller, load cell, and load amplifier (Figure 2.1). The actuator is
commanded to compress the sample while the load cell measures the force generated by
the sample due to that deformation. The load cell amplifier energizes the load cell and
converts the measured force signal to a digital value, which is transferred to the computer
via a communication port. The load cell amplifier also monitors the load cell for a
situation of excess load to stop the actuator motion using a direct connection between the
load cell amplifier and the actuator controller. The actuator is commanded by the motion
25
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controller, which is in turn controlled by computer software via the same communication
port.

This computer software allows the user to choose the load waveform (e.g

sinusoidal, sawtooth, square), frequency, and duration desired for loading for individual
experiments. A sinusoidal waveform at a frequency of 1 Hz. for a duration of two hours
was used in this study.

Figure 2.1 Mach-1TM Mechanical Tester.
Although the Mach-1TM Mechanical Tester is designed for multiple axis testing,
the upgrade to an additional axis for shearing of cells is quite expensive. Because of this
expense, it was decided that an additional axis could be designed as a modification to the
Mach-1TM Mechanical Tester at a much lower cost. A schematic of this addition is
shown in Figure 2.2.
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Figure 2.2 Schematic of shear device.
The cell chamber comprising the base of the shearing device is made of
polycarbonate. With dimensions of 2” x 2”, the base can hold a total of twelve 5 mm
diameter alginate discs. Polycarbonate is a thermoplastic and was chosen for its easy
machinability, high heat resistance (making it ideal for applications that require
sterilization), biologically inertness, and cost effectiveness. The base is mounted on a
linear ball bearing slide (McMaster Carr) to provide low friction motion and is connected
to the actuator arm of the Mach-1 TM through a string and pulley system. In this system, a
string is attached to the arm of the Mach-1TM Mechanical Tester, runs through a pulley,
and is connected to the cell culture chamber by an eye hook that is threaded into the
chamber base. A spring is attached to the opposite side of the base by an additional eye
hook to ensure that the base returns to its starting position between each cycle.
A lid, also made of polycarbonate, protrudes down into the chamber base to
compress and hold the alginate cultures at a specified distance so that shear deformation
can be applied. The lid is attached to a linear motor (Ultra Motion) through which
vertical displacement is controlled. A linear variable differential transformer (LVDT)
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with a linear range of +1.27 mm (Lewis Schaevitz) has been incorporated into the system
to allow precise measurement of the amount of compression applied to the cells. The
core of the LVDT is mounted on the arm of the linear motor, while the coil is mounted on
the base platform to which the linear ball bearing slide is attached. The lid is kept in
place by the addition of L-brackets on both sides of the base and lid. An extra piece that
can be screwed in tight against the lid was added to the L-bracket on one side of the
chamber to ensure that the lid stays at the desired position at all times. To maintain a
stable, physiological environment for the cells, the entire shearing system fits inside a
tissue culture incubator as shown in Figure 2.3.

Figure 2.3 Shear device housed inside incubator.
Shear strain is produced by the linear movement of the cell chamber base relative
to the fixed lid. The lid of the device compresses the cells a specific distance before any
movement by the Mach-1TM Mechanical Tester occurs.

After compression, the

movement of the base causes the shear deformation to occur. The base is moved by the
vertical motion of the Mach-1TM Mechanical Tester. When the actuator arm of the Mach-

TM

1
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Mechanical Tester moves up, the chamber moves to the left. A schematic of the

alginate gel disk before and during this movement resulting in the desired deformation is
shown in Figure 2.4. To ensure that no slippage occurs between the disks and the
chamber base, irregular grooves have been machined into the bottom surface of the base.

d
F
γ = d/h = tan θ

θ

h

Figure 2.4 Schematic of alginate gel before (gray) and during deformation.
It should be noted that pure shear deformation does not change the specimen
volume and does not cause fluid flow, so the cell’s response to shearing indicates its
sensitivity to distortional strain only. Although the device does not apply pure shear,
fluid flow under the type of loading to be experienced by the cells was shown to be
minimal and localized to the leading and trailing edges of the specimen [Jin et al., 1999].
Therefore, assays of chondrocyte differentiation were performed on the central cores of
the agarose disks where there was essentially no flow.
Shear Device Characterization
As a means of validating the effectiveness and functionality of the device, cells
were cultured in alginate disks, loaded to a specified level, and the aspect ratios were
evaluated histologically.
Articular chondrocytes from the femoral condyles of one to three day old pigs
supplied by Prestige Farms in West Point, MS, were enzymatically isolated and cultured
in T-75 flasks for approximately 5 days. The cells were then removed from the flasks
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using trypsan (Sigma, Inc. ), suspended in a 2% alginate solution, and cut into 5 mm x 2
mm disk. The disks were divided into 3 groups and subjected to different levels of
loading (Table 2.1).
Table 2.1. Levels of loading.
Group #
1
2
3

Load Applied
None
10% compression
10% compression; 25% shear

While under the respective loading state, the cells were fixed in 10mM barium
chloride followed by additional fixation in an alcohol mix containing 100% ethanol,
formalin, and glacial acetic acid [Kiernan, 1999]. The disks were dehydrated in graded
ethyl alcohols beginning at 95% ethanol and embedded using the Immuno-Bed
Embedding Kit [Polysciences, Inc.]. Sections ~7 µm were taken throughout the disks and
were stained with hematoxylin for 5 minutes and toluidine blue for ~30 seconds.
Cells were examined under a microscope at magnitudes of 400 and 1000, and
accurate measurements of the dimensions of a cell were taken using an ocular grid in the
eyepiece of a microscope. Measurements (in microns) were taken of the minor and major
axes of at least 30 representative cells from each group.

Cell aspect ratios were

calculated by dividing the minor axis measurement by the major axis measurement. It
was anticipated that the aspect ratios of the cells under no load would be close to 1.0,
while this ratio would decrease as a result of the applied compression and further
decrease as a result of the compression and shear deformation.
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Once calculated, the aspect ratios of cells in each of the three levels of loading
were statistically analyzed as described by Royeen [1989]. The Kruskal-Wallis test, as
well as a Multiple Comparisons test, was used to identify any significant differences in
the aspect ratios of the three groups. The Kruskal-Wallis procedure is the nonparametric
equivalent to one-factor analysis of variance, where normality and common dispersion
are crucial assumptions. While one-factor analysis of variance is used to check for
differences between means, the focus for the Kruskal-Wallis procedure, which utilizes
ranks, is on medians. The Kruskal-Wallis procedure is used for evaluation of two or
more independent samples. Assumptions for the test are shown below.
1.
2.
3.
4.

There are k independent random samples of sizes, n1, n2, …nk.
The variable of interest is continuous.
The level of measurement is at least ordinal.
The k populations are identical except for location for at least one of those
populations.

Hypotheses for the test were as follows: H o : M 1 + M 2 = ... = M k ; Ha : At least one
median (Mj) is unequal. To carry out the test, all observations across k treatments were
ranked in ascending order (ties were assigned the average rank). The sum of the ranks
(Rj) was then calculated for each treatment and Equation 3.1 was used to calculate the test
statistic (H):
2
12  k R j 
H=
∑
 − 3(n + 1)
n(n + 1)  j =1 n j 

(3.1)

The Kruskal-Wallis test does not, however, specifically pinpoint which median is
different. Therefore, a Multiple Comparisons test was used to accomplish this. Multiple
Comparisons is a special statistical technique that allows one to simultaneously test pairs
of medians. In this procedure, the average ranks for each treatment were found. Next,
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the absolute differences for the groups were found. The chosen error rate was 0.20; the
most common levels of significance chosen in practice are 0.10, 0.15, and 0.20 [Royeen,
1989]. Equation 3.2 was used to find any significant differences between the groups.
 n(n + 1) 
Ri − R j ≤ Z α / 2c 

 12 

1/ 2

1
1
x  + 
 ni n j 

1/ 2

i≠ j

(3.2)

Specific Aim 2
Experimental Design
The experimental design to determine the effects of shear deformation on
chondrogenesis used chick limb bud cells from ~42 embryos suspended in 24 alginate
disks. Twelve disks were subjected to 10% compression alone as the control group. The
remaining twelve disks were subjected to 10% compression plus 20% shear deformation
as the experimental group. Disks were subjected to loading for two hours a day at 1 Hz.
for three consecutive days. At the end of the three-day loading period, three disks from
each group were taken for gene expression analysis. The remainder of the disks were
cultured for an additional five days. At the end of this period, half of two disks were used
for light microscopy, three disks were used for gene expression analysis, and the
remaining five disks from each group were used for DNA/sGAG quantification. Data
obtained from assays was analyzed using an independent t-test.
The sample size was determined by Statlets™, a statistics program that can
determine the sample size required to estimate the difference between the means of two
normal distributions. This program found that, assuming that the standard deviation of
the normal distributions equals 1.0, nine observations from each sample were required to
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have a power of 80% which means that there is an 80% chance of rejecting the
hypothesis that the difference equals 0.0 when the true difference equals 1.25 using a
two-sided test.
Figure 2.5 displays the power of a hypothesis test using the indicated sample size.
Power is defined as the probability that the test will reject the null hypothesis as a
function of the true difference between the means. In general, the farther the true
parameter is from the null hypothesis, the greater the chance that it will be rejected.
Sample size plays an important role in determining the power of the test, with larger
samples giving higher power.

Figure 2.5 Power curve generated in Statlets™.
Culture Model
Stage 23/24 chick (Figure 2.6) limb bud cells were used for this experiment. This
cell type is widely used for experimental investigations of chondrocyte differentiation
and is well characterized. Cells at this stage are capable of taking on the chondrogenic,
myogenic, or fibroblastic phenotypes; it has been shown that approximately 50-60% of
cells in this stage display chondrocyte characteristics when placed in favorable conditions
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for chondrogenesis. Additionally, chick limb bud cells are relatively inexpensive and
easily obtained. Ideal Poultry Breeding, Inc. and a local commercial hatchery supplied
the eggs for the experiments.

Figure 2.6 Stage 23/24 chick embryo.
[http://www.umanitoba.ca/faculties/science/biological_sciences/lab14/
images/chick96.jpeg]
All experiments utilized the chick limb bud cell-agarose culture model of
chondrogenesis established by Elder et al. [2000]. Wing and leg-limb bud cells from
Hamburger-Hamilton stage 23/24 chick embryos (incubated for 4.5 days) were isolated
and placed in Tyrode’s salt solution (Sigma St. Louis, MO, USA) at 4oC for 10 minutes
to loosen the ectoderm. The cells were then enzymatically digested for 45 minutes at 37
o

C in a solution containing 0.25% trypsin-EDTA (Sigma St. Louis, MO, USA) and 0.1%

collagenase. An equal volume of bovine calf serum was then added to deactivate the
enzymes, and the cells were gently pipetted and passed through a syringe filter with a
pore size of 100 µm. The filtered cells were pelleted by centrifugation at 200 X g and
suspended in Dulbecco’s Modified Eagle Medium/Ham’s F12 culture medium (1:1)
supplemented with 2% antibiotic-antimicotic.

The cells were counted on a
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hemocytometer, centrifuged, and re-suspended at a concentration of approximately 3.5-4
x 106 cells/ml in sterile 2% alginate that was prepared by dissolving alginic acid in
serum-free culture medium. The isolation process did not completely disperse the cells.
Thus, the resulting suspension contained aggregates as well as single cells. Individual
cells within aggregates were counted whenever they could be discerned. This process of
limited disaggregation was adopted because further cell dispersion by longer digestion
and vigorous pipetting severely reduces chondrocyte differentiation.
The liquid cell-alginate suspension was cast into a rectangular hydrogel slab of
uniform 2 mm thickness with the use of electrophoresis apparatus parts. Two glass plates
were clamped together around 2-mm-thick spacers with filter papers soaked in sterile
CaCl2 placed on the inside face of these glass plates. The cell-alginic acid suspension
was poured in the space between these plates using a syringe, and the exposed edge of the
gel slab was wetted regularly with 102 mM CaCl2 solution. The addition of the calcium
chloride

produced

the

polymerized,

regularly-sized,

3-dimensional

“slab”.

Polymerization in the CaCl2 solution was allowed for ~45 minutes before the construct
was removed from the glass plates of the apparatus and placed in a petri dish of CaCl2 for
an additional 30 minutes. The chondrocyte-laden slab was then rinsed several times in
serum free medium and cylindrical specimens (5mm diameter x 2mm thickness) were cut
from the slab using a copper punch. The disks were then incubated in the complete
Ham’s F12/DMEM medium including antibiotics and 2% fetal bovine serum (Sigma St.
Louis, MO, USA). Cells were maintained at 37°C in a humidified atmosphere of 5%
CO2:95% air.
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Culture Model Characterization
Before mechanical testing of the cell-alginate disks was started, experiments were
carried out to confirm the validity of the culture model. To verify cell viability in the
alginate, a LIVE/DEAD cell viability/cytotoxicity assay (LIVE/DEAD® Cell
Viability/Cytotoxity Assay Kit, Molecular Probes, Eugene, OR) was used. This kit is a
two-color fluorescence cell viability assay that is based on the simultaneous
determination of live and dead cells. The kit identifies live versus dead cells on the basis
of membrane integrity and esterase activity.

Two dyes, calcein AM and ethidium

homodimer (EthD-1) are used to measure these parameters. Viable cells are recognized
by a green color under fluorescence, while dead cells take on a bright red color.
Mechanical Loading Protocols
For the purpose of separating the influence of distortional strain from that of fluid
flow, the applied shear deformation was that which most closely produced the cell
deformation, in terms of cell aspect ratio, as that caused by unconfined compression. The
aspect ratio, defined as (cell height)/(cell width), of cells in agarose has been shown to
change in proportion to the externally applied strain [Knight et al., 1996].

This

information was used to estimate the expected cell aspect ratio corresponding to 11.25%
and 18.75% applied compressive agarose strain: ~0.8 and ~0.7, respectively.

As a

starting point, disks in the shear protocol were first slowly compressed to 10% constant
offset strain. Cyclic shear deformation to a constant maximum shear strain of 25% was
then superimposed on the offset compressive strain. Cells in both the compression and
shear groups were fixed in barium chloride in the maximally deformed state, embedded
in glycol methacrylate, and sectioned (7 µm) on a rotary microtome. After staining in
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hematoxylin and toluidine blue, dimensions of cells in the central portion of the disks
were measured and the shear loading parameters were adjusted as necessary to achieve
equivalent average cell aspect ratios in two groups. The equivalent aspect ratio was
obtained with a 20% shear deformation.
Mechanical loading must commence soon after cell isolation and seeding in
alginate because the window of opportunity for influencing cell commitment to a specific
lineage is only within the first 2-3 days of culture. Therefore, disks were loaded at a
frequency of 1.0 Hz and for a duration of 2 hours on Days 1-3 [Elder, 2000] of culture.
The first loading session starting within 12 hours of cell seeding in alginate. The disks in
each group were transferred to their respective polycarbonate base for loading. Once
loading was completed, the disks were transferred back into a tissue culture plastic (TCP)
6-well plate. The disks remained in the TCP plate until loading resumed on the next day
and remained in the plate throughout the additional five day culture period.
Assays
After 3 consecutive days of loading, RNA was isolated from cells from 3 disks
from each group. The remaining disks were cultured for an additional 5 days after which
time additional assays were performed on these disks.
Because chondrocytes are characteristically spherical in shape and the presence of
cartilage nodules is indicative of chondrocyte differentiation, the samples were evaluated
histologically to determine if the applied loading led to this differentiation. In addition,
because biochemical analyses of the major matrix components, proteoglycans and
collagens, are the only other means by which the chondrocytic nature of any culture
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system can be identified [Kuettner, 1982], proteoglycan content in each group was
quantified.
Light Microscopy: To evaluate the cells histologically, disks were fixed in 10mM barium
chloride followed by additional fixation in an alcohol mix containing 100% ethanol,
formalin, and glacial acetic acid. Next, the disks were dehydrated in 95% ethanol and
embedded using the Immuno-Bed Embedding Kit [Polysciences, Inc.]. Sections ~7 µm
were taken throughout the disks and were stained with hematoxylin for 5 minutes and
toluidine blue for ~30 seconds.
DNA Quantification:

Cells were recovered from the alginate using 55mM sodium

citrate, 0.9% NaCl solution and lysed in NP-40 buffer (50 mM TrisxCl, 100 mM NaCl,
5mM MgCl2, 0.5% (v/v) Nonidet P-40). Intracellular debris and extracellular matrix
were isolated by centrifugation.

An aliquot of supernatant was taken for the

measurement of DNA content by the Hoescht dye procedure using calf thymus DNA as a
standard (DNA Quantification Kit, Sigma). Total DNA was measured in µg/disk half.
The remaining lysis buffer was removed, and the remaining sample was used for sGAG
quantification.
Glycosaminoglycan Quantification: The total sGAG content was measured using the 1,9
dimethyl-methylene blue (DMB) dye-binding assay described by Farndale, et al [1982].
First, sGAG was digested in 2% papain (v/v), 50 mM sodium acetate solution (pH 6)
overnight at 60°C. A stable DMB solution was made by mixing DMB with ethanol
sodium formate, formic acid, and distilled water. 500 µl of the DMB solution was added
to 100 µl of the papain solution and mixed. Concentrations of GAGs in the culture
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medium were determined by the binding of the cationic dye (1,9 dimethyl-methylene
blue) to proteoglycans and sulfated sGAGs. Color intensity, which is proportional to the
amount of sGAG in the sample, was quantified by spectrophotometric measurement at
535 nm using a µQuant Universal Microplate Spectrophotometer (Bio-Tek Instruments,
Winooski, VT). sGAG content was determined by comparing the absorbance at 535 nm
to a standard curve generated by measuring the absorbance of known amounts of a GAG
standard,

bovine

trachea

chondroitin-4

sulfate

(Blyscan

Proteoglycan

and

Glycosaminoglycan Assay). sGAG was measured in µg/disk half and was normalized to
the amount of DNA quantified in the respective sample.
Gene Expression: Reverse transcription polymerase chain reaction (RT-PCR) was used
to determine gene expression. RT-PCR, an extremely sensitive technique for mRNA
detection and quantification, can detect DNA from as little as one lone cell.

The

technique consists of two parts including the synthesis of cDNA from RNA by reverse
transcription and the amplification of a specific cDNA by polymerase chain reaction.
Reverse transcription, the first part of the two-step process, uses an RNA template,
primers (random or oligo dT primers), rnNTPS, a buffer, and a reverse transcriptase (MMLV or AMV RT). It generates a single-stranded DNA molecule complementary to the
RNA (cDNA) which serves as a template in the PCR reaction. Components of PCR, in
addition to the cDNA, include dNTPs, a buffer, thermostable DNA polymerase and
primers specific for the gene of interest (gene specific primers). The cDNA is amplified
exponentially via cycles of denaturation, annealing and extension. Because amplification
is exponential, small sample-to-sample concentration and loading differences are
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amplified as well; therefore, PCR requires careful optimization when used for
quantitative mRNA analysis.
The expressions of transcription growth factor beta-1 (TGFβ-1), bone
morphogenic protein (BMP-2), and aggrecan are of particular interest in this study. It is
believed that if any of these genes are turned on or if gene expression is upregulated as a
result of the mechanical loading, it can be concluded that chondrogenesis has been
induced.

However, it is still possible that even if the genes are not upregulated,

chondrogenesis may still have been induced. This is true because there is a possibility
that a different signaling pathway has been used.
Total RNA was extracted using the affinity spin column technique (RNeasy Mini
Kit, Qiagen). This kit is useful for rapid isolation from 1 µg up to 6 µg of total RNA
from cells and tissue. The purified RNA obtained from the steps in this kit was used to
carry out RT-PCR. First, three alginate disks from each group were dissolved in ~1 mL
of RNAlater, an RNA stabilizing reagent (Qiagen). This dissolution produces a thick,
viscous liquid that was centrifuged at >10,000 rpm for 5 min to create a pellet. The
pelleted cells were then lysed with the addition of β-mercaptoethanol (14.5M) and Buffer
RLT, a highly denaturing guanidine isothiocynate (GITC) which immediately inactivates
RNAse to ensure isolation of intact RNA.

The sample was homogenized on a

QIAshredder spin column followed by the addition of an equal volume of 70% ethanol to
the homogenized lysate. Through a series of steps including various buffer solutions, the
mRNA was collected onto the silica-gel based membrane of the RNeasy mini spin
column that, along with a salt buffer system, allows up to 100µg of RNA longer than 200
bases to bind. Finally, the mRNA was dissolved by centrifugation with RNase-free
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water. To ensure that no DNA contamination was present in the sample, it was treated
with DNase I (Qiagen). The RNA was then quantified by spectrophotometry (Spectronic
601, Bausch & Lomb).
Approximately equal amounts of RNA template (~50 ng) were then loaded into
reverse transcription-polymerase chain reactions (RT-PCR) with custom primers for
BMP-2, TGFβ-1, aggrecan, and β-actin (housekeeping gene) as shown in Table 2.2. The
total reaction volume was 12.5 µL and thermal cycling conditions were as recommended
for use with Qiagen OneStep RT-PCR Kit. This protocol included a 95°C denaturation
step for 30 minutes followed by a previously determined number of cycles of 95°C
denaturation (1 minute), annealing (1 minute), and 60°C extension (1 minute). The
number of cycles for each gene was determined by optimization of each primer. The
annealing temperatures for BMP-2, TGFβ-1, aggrecan, and β-actin as well as the number
of cycles used for each gene is shown in Table 2.3.
PCR products were then electrophoresed on 1.2% agarose gels and stained with
ethidium bromide. Digital images of the gels were captured under UV transillumination
and expression was evaluated using densitometry (Scion Image Software) and calculated
as a ratio of the β-actin band density. A control sample with no template RNA but βactin primers present was also included in the PCR and gel to ensure that no genomic
DNA was present in the sample thus leading to inaccurate readings.
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Table 2.2 PCR Primers 5’-3’.
Forward
Product
Reverse
Size (bp)
GGAAAACAGCACGACGTT
511
GTATTTGTGGCGCTTACG
GGACGGATGAGAAGAACTGC 294
GGACCACCATATTGGAGAGC
TGAGAGCAGTGGAGAAGC
247
CCCACTAGACTGCACAGC
TCTGACTGACCGCGTTACTC 167
CCATCACACCCTGATGTCTG

Gene
BMP-2
TGFβ-1
Aggrecan
β-Actin

Table 2.3 Gene specific requirements.
Gene
BMP-2
TGFβ-1
Aggrecan
β-Actin

# of cycles
35
35
40
35

Annealing
Temperature (ºC)
53
55
57
55

CHAPTER III
RESULTS
Specific Aim 1
Shear Device Characterization
Figures 3.1 through 3.3 show representative cells from each load group while
under the respective level of loading. Differences in the deformation experienced by
cells in each of these groups can be visually detected quite easily. Aspect ratios from
these and other cells in each group were used for statistical analysis. Figure 3.4 shows a
box plot of the aspect ratios created in Statlets™.

A

B
Figure 3.1 Cells under “No Load” [Magnitude: A) 400, B) 1000].
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Figure 3.2 Cells under “10% Compression” [Magnitude: 1000].

A
A

B
Figure 3.3 Cells under “10% Compression, 25% Shear” [Magnitude: A) 400, B) 1000].

Figure 3.4 Box plot of aspect ratios.
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Values for Rj, nj, and R j for each group were calculated for the Kruskal Wallis
Test to be carried out. These results are listed in Table 3.1 and were used as shown in
Equation 3.1 to compute the test statistic (H).
Table 3.1 Numbers calculated for Kruskal Wallis Test.
Control

Compression

Shear

Rj
nj

3561.5
32

4821
58

1557.5
50

Rj

111.3

83.1

31.2

1557.5 2 48212 3561.5 2 
12
H=
+
+

 − 3(140 + 1) = 91.058
140(140 + 1)  50
58
32 

(3.1)

After calculating the test statistic and using an alpha value of 0.5, the null
hypothesis was rejected and it was concluded that at least one of the medians was
significantly different from the other two. These conclusions were verified in Statlets™.
Results from the Multiple Comparison Test are shown in Table 3.2. These results
showed that all groups were significantly different.
Table 3.2 Results from Multiple Comparisons Test.
Comparison

Ri − R j

 n(n + 1) 
Z α / 2c 
 12 

1/ 2

1
1
x  + 
 ni n j 

Shear vs.
51.971*
10.103
Compression
Shear vs.
11.851
80.147*
Control
Compression vs.
28.176*
11.528
Control
*These pairs are significant at an overall error rate of 0.2.

1/ 2

i≠ j
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Specific Aim 2
Culture Model Characterization
A picture of cells in the center of an alginate disk photographed under a
fluorescent lamp is shown in Figure 3.5. The cell viability assay showed that the vast
majority of cells within the alginate disk fluoresced the intense green color, thus
indicating that they were viable cells after seeding in alginate.

Figure 3.5 Photograph of cells under fluorescence after LIVE/DEAD® Cell
Viability/Cytotoxity assay.
Mechanical Loading
Figure 3.6 is an image showing Mach-1™ output that was captured during
loading. The top graph displays displacement (in microns) of the Mach-1™ as a function
of time. The bottom graph shows the load (in grams) experienced by the Mach-1™ as a
function of time.
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Figure 3.6 Waveform captured from Mach-1™ output.
Assays
DNA/sGAG Quantification: Representative values for DNA and sGAG content in disk
halves from each group are shown in Table 3.3.

Results show that DNA content

remained relatively constant in the two groups.

On the other hand, while not a

significantly significant difference was indicated, sGAG content slightly increased in the
experimental group. It is also noted that the amount of sGAG (per microgram of DNA)
accumulated in the disks of the experimental group was slightly increased, although not
statistically significantly, over that amount accumulated in the control group.
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Table 3.3 DNA and sGAG content (mean + one standard deviation).
DNA
(µg/half disk)

sGAG
(µg/half disk)

sGAG/DNA
(µg/µg)

Control

0.813 + 0.170

1.328 + 0.659

1.750 + 1.113

Experimental

0.795 + 0.121

1.978 + 1.034

2.517 + 1.308

Statlets™ results for comparison of the ratios of sGAG/DNA using an
independent t-test are shown in Figure 3.7. These results show that since the p-value for
this test was greater than or equal to 0.05, the null hypothesis was rejected at the 95%
confidence level indicating that there was no statistically significant difference in the
measured parameters between the control and experimental cultures.

Figure 3.7 Independent t-test results.
Light Microscopy:

A number of cartilage nodules that displayed typical normal

morphology were seen upon histological analysis of both the control and experimental
groups. Representative nodules from the respective groups are shown in Figures 3.10
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and 3.11. Although nodules formed in both groups, no real difference in the quantity of
the nodules in the different groups could be discerned upon visual observation.

B

A

B

Figure 3.8 Histology sections from control group after 8 days of culture
[Magnitude: A) 100, B) 400].

Figure 3.9 Histology sections from experimental group after 8 days of culture
[Magnitude: 400].
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Representative electrophoresed agarose gel images are shown in

Gene Expression:

Figure 3.12. Table 3.4 identifies the genes represented in each lane. Results from the
semiquantitative analysis are shown in Figure 3.13.
Table 3.4 Agarose gel lane assignments.
Lane 1
Control
3 days

Ladder

β-Actin

1

2 3

Lane 2
Experimental
3 days

BMP-2

4 1

2 3 4

Lane 3
Control
8 days

Lane 4
Experimental
8 days

Aggrecan

TGFβ-1

1

2 3 4 1 2 3 4

Figure 3.10 PCR products isolated on 1.2% agarose gel.
Qualitatively, it appeared in the control group that BMP-2 mRNA expression
significantly decreased over the 5 day culture period, while both aggrecan and TGF β-1
remained relatively constant in the control group. When compared to expressions in the
3 day control group, it appeared that shear loading had an immediate inhibiting effect on
the mRNA expression of TGFβ-1, but a slight enhancing effect on both aggrecan and
BMP-2 mRNA expression at this time period. After the additional 5 days in culture, the
effects of the loading were seen as increased BMP-2 expression, decreased aggrecan
expression, and no TGFβ-1 expression in quantitative analysis (when compared to
expression of the experimental group at Day 3). When compared to mRNA expression of
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the control group on Day 8, shear deformation appeared to cause an increase in BMP-2
expression, no change in aggrecan expression, and a decrease in TGFβ-1 expression.
Semiquantitative analysis confirmed these observations. In the control group,
BMP-2 expression decreased by approximately 94% while this expression increased
approximately 15% in the experimental group over the 5 day culture period. Aggrecan
expression was not significantly altered in the control group, but a ~50% decrease was
seen from Day 3 to Day 8 in the experimental group. A slight decrease in TGFβ-1
expression was seen from 3 days of culture to 8 days. The shear deformation had a
significant effect on the cells at both time periods as no expression of this gene was
indicated at either of these times. When compared to each other at the respective time
periods of culture, the results showed that BMP-2 expression was nearly twice as much in
the experimental group as in the control group at Day 3. At Day 8, a dramatic difference
was noted as this mRNA expression in the experimental group was nearly 35 fold of that
in the control group. Aggrecan expression was increased in the experimental group at
Day 3, but was only slightly higher than the control group on Day 8. Again, levels of
TGFβ-1 expression were significantly higher in the control group at both time periods as
the level of expression in the experimental group was near zero at both times.
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Relative expression to β-actin

BMP-2
5
4
Control- 3 days

3

Experimental- 3 days
Control- 8 days

2

Experimental- 8 days
1
0

Relative expression to β-actin

Aggrecan
1.4
1.2
1

Control- 3 days

0.8

Experimental- 3 days

0.6

Control- 8 days

0.4

Experimental- 8 days

0.2
0

Relative expression to β-actin

TGFβ-1
0.6
0.5
0.4
0.3
0.2

Control- 3 days
Experimental- 3 days
Control- 8 days
Experimental- 8 days

0.1
0

Figure 3.11 mRNA expression of A) BMP-2, B) Aggrecan, C) TGFβ-1 as a
function of load and time.

CHAPTER IV
SUMMARY AND CONCLUSIONS
Summary
Shear Device Characterization
A device for the application of simple shear strain to cell-alginate disks was
successfully designed and implemented. The device proved to be capable of successfully
applying various types of loading (compression and simple shear strain) to cells in a
hydrogel. This success was verified through the deformation and measured aspect ratios
of the cells in a fixed state. These results indicate that the cells did indeed experience
different levels of deformation in response to the different levels of loading.
One drawback of the shearing device exists, however, in the number of cells that
can be mechanically loaded at a given time. This restriction is due to the maximum
number of 5 mm x 2mm disks that the chamber can hold. The maximum size of the
polycarbonate chamber base is dictated by many factors including the dimensions of the
Mach-1™, as well as available sizes of the linear ball-bearing slide. However, this
research has enabled the receipt of further funding that will be used to upgrade the
existing Mach-1™ system with the addition of the shear axis available from Biosyntech,
Inc. This addition will permanently alleviate such problems.
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Culture Model Characterization
Sodium alginate was a successful hydrogel for this study. This was verified in
several ways. First, results from the LIVE/DEAD® Cell Viability/Cytotoxity Assay Kit
showed that the vast majority of cells in the center of the disks were still viable after
seeding in the alginate. This was an important finding because it confirmed that the cells
could indeed survive in the alginate. It also showed that cells in the middle of the disks
were not deprived of any nutrients, etc. essential for survival. Next, results from the
loading in the gels revealed that at a concentration of 2%, alginate disks were strong
enough to withstand a load equal to or greater than 10% compression in addition to a
20% simple shear strain. After loading for three days, none of the disks from either
group showed any signs of deterioration. Furthermore, some cartilage nodules were
detected within the disks after eight days in culture. This supports the idea that cells can
and will differentiate into chondrocytes and, to some degree, successfully form cartilage
nodules in the sodium alginate.
Additionally, loading did not alter the viability of the cells in the hydrogel. This
was concluded after DNA and RNA were quantified for the two groups. There was no
noted decrease in these levels after shearing. Because it is assumed that approximately
the same number of cells were cultured in each group, the constant values obtained for
DNA and RNA levels for both groups suggest that cell death, if any, was not caused by
loading, but was uniform in both groups.
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Effects of Loading
The differences in quantitative measurements of chondrogenesis (sGAG and
cartilage nodule formation based on visual observation) caused by cyclic simple shear
applied to chick limb bud cells were not statistically significantly different. These values
were deemed not to be different with a sample size of nine and at a power of 80%. Using
the power curve generated in Statlets™, it is noted that the actual difference between the
two groups (0.33) can be identified as statistically significantly different with a power of
~18%.

This power, however, is extremely low and is not generally accepted.

Furthermore, if the difference between to the groups is to be identified as significantly
different at a power of 80%, a total of 115 samples would have to be evaluated. Yet, the
device developed for this research is not capable of loading this number of samples at a
given time.
The effects of loading on mRNA expression were varied among the genes.
Overall, BMP-2 expression was significantly increased by the mechanical loading.
Contrarily, TGFβ-1 expression was substantially decreased by this loading. Furthermore,
the effects of loading caused a significant increase in aggrecan expression at the early
time period, but did not significantly alter that expression at the latter time period.
Aggrecan is a true marker for chondrogenesis; therefore, the increase observed after
loading suggests an increase in chondrocyte differentiation.

When observing the

expression of growth factors as a potential signaling pathway for induction of
chondrogenesis, the increase in BMP-2 expression again suggests that loading caused a
possible increase in chondrogenesis. Contrarily, the decrease in TGFβ-1 expression was
not necessarily indicative of a decrease in chondrogenic differentiation tendency. As
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previously mentioned, the possibility that one of many other signaling pathways can be
used to promote chondrogenesis still exists. Many studies have shown an increase in
chondrocyte characteristics upon addition of such growth factors into the culture medium.
Iwasaki [1993] showed an upregulation of chondrogenesis in high density chick
periosteum-derived cells as early as Day 4 when treated with 0.3-1.0 ng/ml TGFβ-1.
Control samples appeared to take on the chondrocyte phenotype on Days 10-12.
Caterson et al. [2001] also noted such an effect when using human bone marrow derived
cells seeded in alginate and loaded onto polylactic acid scaffolds.

An increase in

collagen type II and aggrecan were seen in cells exposed to both 50 ng/ml of TGFβ-1for
3 days and those exposed to 10 ng/ml of TGFβ-1 throughout the three week culture
period. Alginate encapsulated BMP-2 transfected murine cells have also been shown to
undergo chondrogenic differentiation more rapidly than wild-type encapsulated cells.
This was evident as Weber et al. [2002] noted an increase in the accumulation of
cartilage specific type II collagen in the transfected cells as compared to those from wild
type C3H10T1/2 cells.
Nonetheless, based on the results of the assays and gene expression, it was
concluded that the differences in quantitative measurements of chondrogenesis between
the control and experimental groups were not statistically significant.

It was also

concluded that Stage 23/24 chick limb bud cells in 2% alginate are not extremely
sensitive to a load of 10% compression plus a sinusoidal simple shear strain deformation
of 20% at a frequency of 1.0 Hz for two hours for three consecutive days. These
observations are, however, dissimilar to those seen by Jin et al. [1999] when shear
deformation was observed to induce enhancement of chondrocyte biosynthesis using
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bovine cartilage. This discrepancy could be related to any number of factors including
differences in species (chick compared to bovine), developmental stage (mesenchymal
stem cells compared to native cartilage), duration of loading (2 hours per day compared
to continuous), and shear deformation (20% compared to 1-3%).
Conclusions and Future Directions
This research has answered one of several questions concerning the role of
numerous factors believed to be responsible for chondrogenesis. As a factor whose role
in chondrocyte differentiation is not well understood, mechanical stimulation has been
the subject of many tissue engineering experiments. Because there are many components
of mechanical loading, the exact component responsible or the combination of such
components, has not been successfully identified. It has been proposed that one of three
types of mechanical stimulation, shear (cell deformation), hydrostatic pressure (cell
volumetric contraction or dilation), or extracellular/interstitial fluid flow, or some
combination of the types may be responsible for enhanced chondrogenesis. An increase
in characteristics indicative of cartilage was seen under compressive loading [Elder,
2000], a type of loading that produces all three conditions. However, these results were
not seen when cells were subjected to simple shear strain at a comparable level.
While the statement of hypothesis was not proved by this research, this work will
prove to be useful in determining the component(s) responsible for cartilage formation
nonetheless. To identify this key factor(s), work in this area should continue by using the
same chick limb bud/alginate model and applying different levels of shear deformation
for varying durations. While 20% shear deformation was chosen for this study, levels of
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cell deformation in articular cartilage in vivo are in the order of 0-30% [Lee, 1995].
Therefore, the level of shear deformation and duration of this loading can be increased or
decreased accordingly to determine if a chondroinductive response is dependent on
loading levels and/or duration.

Additionally, since commitment of chick limb bud

mesenchymal cells to a specific lineage may depend on several factors including intrinsic
factors (growth factors, cytokines, etc.), mechanical signals, and environmental factors
(pH, oxygen tension, etc.), it will be beneficial to repeat this experiment with the addition
of selected growth factors such as BMP-2 or TGFβ-1.
Many studies have shown an increase in chondrocyte differentiation after the
application of various levels of hydrostatic pressure. For example, Smith et al. [2000]
showed an increase in both type II collagen and aggrecan mRNA expression after
intermittent loading of four hours per day for four days in adult bovine articular
chondrocytes. Therefore, work in this area should also continue with the application of
hydrostatic pressure to cells in the same chick limb bud/ alginate disk model. After
obtaining results from the same assays carried out on the cells subjected to simple shear
deformation and unconfined compression, this factor or combination of factors can be
confirmed for loading at this specific level.

REFERENCES
Blenman PR, Carter DR, Beaupre GS (1989). Role of mechanical loading in the
progressive ossification of a fracture callus. Journal of Orthopaedic Research
7(3):398-407.
Buschmann MD, Gluzband YA, Grodinsky AJ, Kimura JH, Hunziker (1992).
Chondrocytes in agarose synthesize a mechanically functional extracellular matrix.
Journal of Orthopedic Research 10:745-758.
Carrington JL, Reddi AH (1990). Temporal changes in the response of chick limb bud
mesenchymal cells to transforming growth factor β-type I. Experimental Cell
Research 186:368-373.
Carter DP, Beaupre GS, Giori NJ, Helms JA (1998). Mechanobiology of skeletal
regeneration. Clinical Orthopaedics 355 (Supplemental):S41-55.
Carter DR, Blenman PR, Beaupre GS (1988). Correlations between mechanical stress
history and tissue differentiation in initial fracture healing. Journal of Orthopaedic
Research 6(5):736-48.
Carterson EJ, Nesti LJ, Li WJ, Danielson KG, Albert TJ, Vaccaro aR, Tuan RS (2001).
Three dimensional cartilage formation by bone marrow-derived cells seeded in
polyactide/alginate amalgam. Journal of Biomedical Materials Research 57(3):394403.
Castagnola P, Dozin B, Moro G, Cancedda R (1988). Changes in the expression of
collagen genes show two stages in chondrocyte differentiation. Journal of Cell
Biology 106(2):461-7.
Chen FS, Frenkel SR, Cesare PE (1999). Repair of articular cartilage defects: part II:
treatment options. American Journal of Orthopedics 28(2):88-96.
Chu CR, Coutts RD, Yoshioka M, Harwood FL, Monosov AZ, Amiel D (1995).
Articular cartilage repair using allogenic perichondrocyte-seeded biodegradable
porous polylactic acid (PLA): a tissue-engineering study. Journal of Biomedical
Materials Research 29(9):1147-54.

59

60
Chung TW, Yang J, Akaike T, Cho KY, Nah JW, Kim SI, Cho CS (2002). Preparation
of alginate/galactosylated chitosan scaffold for hepatocyte attachment. Biomaterials
23:2827-2834.
Elder SH, Goldstein SA, Kimura JH, Soslowsky LJ, Spengler DM (2001). Chondrocyte
differentiation is modulated by frequency and duration of cyclic compressive loading.
Annals of Biomedical Engineering 29:476-482.
Elder SH, Kimura JH, Soslowsky LJ, Lavagnino M, Goldstein SA (2000). Effect of
compressive loading on chondrocyte differentiation in agarose cultures of chick limb
bud cells. Journal of Orthopaedic Research 18 (1):78-86.
Elder S, Juliano S, Spengler D (2000). Cyclic compressive loading of chick limb bud
mesenchymal cell-agarose constructs increases expression of growth factor mRNA.
Transactions of the Orthopaedic Research Society Annual Meeting 25:652.
Farndale RW, Sayers CA, Barrett AJ (1982). A direct spectrophometric microassay for
sulfated glycosaminoglycans in cartilage cultures. Connective Tissue Research
9:247-248.
Faure S, Santa Barbara Pd, Roberts DJ, Whitman M (2002). Endogenous patterns of
BMP signaling during early chick development. Developmental Biology 244: 44-65.
Freeman PM, Natajara RN, Kimura JH, Andriachhi TP (1993). Neocartilage formation
in vitro and in vivo using cells cultured on synthetic biodegradable polymers. Journal
of Biomedical Materials Research 27:11-23.
Germiller JA, Goldstein SA (1997). Structure and function of embryonic growth plate in
the absence of functioning skeletal muscle. Journal of Orthopaedic Research
15(3):362-70.
Glowacki J, Trepman E, Folkman J (1983). Cell shape and phenotypic expression in
chondrocytes. Proceedings of the Society for Experimental Biology and Medicine
172(1):93-8.
Gray ML, Pizzanelli AM, Grodzinsky AJ, Lee RC (1988).
Mechanical and
physiochemical determinants of the chondrocyte biosynthetic response. Journal of
Orthopedic Research 6:777-792.
Haudenschild DR, McPerson JM, Tubo R, Binette F (2001). Differential expression of
multiple genes during articular chondrocyte redifferentation. The Anatomical Record
263:91-98.

61
Iwasaki M, Nakata K, Nakahra H, Nakase T, Kimura T, Kimta K, Caplan A, Ono K
(1993). Transforming growth factor-β1 stimulates chondrogenesis and inhibits
osteogenesis in high density culture of periosteum-derived cells. Endocrinology
132(4):1603-1608.
Izumi T, Scully SP, Heydemann A, Bolander ME (1992). Transforming growth factor β1
stimulates type II collagen expression in cultured periosteum-derived cells. Journal
of Bone and Mineral Research 7(1):115-121.
Jin M, Frank EH, Quinn TM, Hunziker EB, Grodinsky AJ (2001). Tissue shear
deformation stimulates proteoglycan and protein biosynthesis in bovine cartilage
explants. Archives of Biochemistry and Biophysics 395(1):41-48.
Kiernan JA (1999). Histological and Histochemical Methods: Theory and Practice.
Boston. Butterworth Heinemann, 1999.
Knight MM, Lee DA, Bader DL (1996). Distribution of chondrocyte deformation in
compressed agarose gel using confocal microscopy. Cellular Engineering 1:97-102.
Kuettner KE, Pauli BU, Gall G, Memoli VA, Schenk RK (1982). Synthesis of cartilage
matrix by mammalian chondrocytes in vitro. I. Isolation, culture characteristics, and
morphology. Journal of Cell Biology 93:743-750.
Kuettner KE, Memoli VA, Pauli BU, Wrobel NC, Thonar EJ, Daniel JC (1982).
Synthesis of cartilage matrix by mammalian chondrocytes in vitro. II. Maintenance of
collagen and proteoglycan phenotype. Journal of Cell Biology 93:751-757.
Lee DA, Bader DL (1995). The development and characterization of an in vitro system
to study strain-induced cell deformation in isolated chondrocytes. In Vitro Cellular
Developmental Biology- Animal 31:828-835.
Mauck RL, Seyhan SL, Ateshian GA, Hung CT (2002). Influence of seeding density and
dynamic deformational loading on the developing structure/function relationships of
chondrocyte-seeded agarose hydrogels. Annals of Biomedical Engineering 30:10461056.
Muskinski, M (1996). Average charges for a total knee replacement: United States,
1994. Statistical Bulletin of Metropolitan Insurance Company 77(2):24-30.
Newman AP (1998). Articular cartilage repair. American Journal of Sports Medicine
26(2):309-324.

62
Nerucci F, Fioravanti A, Cicero MR, Collodel G, Marcolongo R (2000). Effects of
chondroitin sulfate and interleukin-1β on human chondrocyte cultures exposed to
pressurization: a biochemical and morphological study. Osteoarthritis and Cartilage
8(4):279-287.
Nettles DL, Elder SH, Gilbert JA (2002). Potential use of chitosan as a cell scaffold
material for cartilage tissue engineering. Tissue Engineering 8(6):1009-1016.
Nguyen KT, West JL (2002). Photopolymerizable hydrogels for tissue engineering
applications. Biomaterials 23:4307-4314.
Park S, Krishnan R, Nicoll SB, Ateshian GA (2003). Cartilage interstitial fluid load
support in unconfined compression. Journal of Biomechanics 36:1785–1796.
Quinn TM, Schmid P, Hunziker EB, Grodzinsky AJ (2002). Proteoglycan deposition
around chondrocytes in agarose culture: construction of a physical and biological
interface for mechanotransduction in cartilage. Biorheology 39:27-37.
Rahman MS, Tsuchiya T (2001). Enhancement of chondrogenic differentiation of human
articular chondrocytes by biodegradable polymers. Tissue Engineering 7(6):781-90.
Royeen CB (1989). Clinical Research Handbook. New Jersey. Slack, 1989.
Shapiro F, Koide S, Glimcher MJ (1993). Cell origin and differentiation in the repair of
full-thickness defects of articular cartilage. Journal of Bone and Joint Surgery
75A(4):532-553.
Smith RL, Trinade MCD, Ikenoue T, Mohtai M, Das P, Carter DR, Goodman SB,
Schurman DJ (2000). Effects of shear stress on articular chondrocyte metabolism.
Biorheology 37:95-107.
Smith RL, Donlon BS, Gupta MK, Mohtai M, Das P, Carter DR, Cooke J, Gibbons G,
Hutchinson N, Schurman DJ (1995). Effects of fluid-induced shear on articular
chondrocyte morphology and metabolism in vitro. Journal of Orthopedic Research
13:824-831.
Smith RL, Lin J, Trinade MCD, Shida J, Kajiyama G, Vu T, Hoffman AR, van der
Meulen MCH, Goodman SB, Schurman DJ, Carter DR (2000). Time dependent
effects of intermittent hydrostatic pressure on articular chondrocyte type II collagen
and aggrecan mRNA expression. Journal of Rehabilitation Research and
Development 37(2):153-61.
Stading M, Langer R (1999). Mechanical shear properties of cell-polymer cartilage
constructs. Tissue Engineering 5(3):241-250.

63
Temenoff JS, Mikos AG (2000). Review: Tissue engineering for regeneration of
articular cartilage. Biomaterials. 21(5):431-40.
Thompson AY, Piez KA, Seyedin SM (1985). Chondrogenesis in agarose gel culture.
Experimental Cell Research 157:483-494.
Toyoda T, Seedhom BB, Yao JQ, Kirkham J, Brookes S, Bonass WA (2003).
Upregulation of aggrecan and type II collagen mRNA expression in bovine
chondrocytes by the application of hydrostatic pressure. Biorheology 40(1-3):79-85.
Tung SF (2000). Effects of dynamic and static mechanical compression on chondrocyte
metabolism of aggrecan and type II collagen. BUG Journal 3:123-127.
van Susante JLC, Buma P, Schuman L, Homminga GN, van der Berg WB, Veth RPH
(1999). Resurfacing potential of heterologous chondrocytes suspended in fibrin glue
in large full-thickness defects of femoral articular cartilage:an experimental study in
the goat. Biomaterials 20:1167-1175.
Wakitani S, Tatsuhiko G, Pineda SJ, Young RG, Mansour JM, Caplan AI, Goldberg VM
(1994). Mesenchymal cell-based repair of large, full-thickness defects of articular
cartilage. Journal of Bone and Joint Surgery 76-A(4):579-592.
Weber M, Steinert A, Jork A, Dimmler A, Thurmer F, Schutzw N, Hendrich C,
Zimmermann U (2002). Formation of cartilage matrix proteins by BMP-transfected
murine mesenchymal stem cells encapsulated in a novel class of alginates.
Biomaterials 23: 2002-2013.

